For the electrical industry, clamps and springs made from strips and wires are produced by stamping and forming technologies. To realise complex geometries, multi-stage stamping and bending processes with cycle rates of up to 500 parts per minute are utilised. In the field of small-sized components, the demand for load optimised lightweight structures made from high strength materials increases. Due to the complexity of forming processes and materials used for clamps and springs, FE simulation of those processes is a challenging task. The first objective of the presented investigations is a holistic view of the influencing factors of multi-stage stamping and bending processes for springs and clamps. Therefore, clamps from high strength spring steel (X10CrNi18-8) with a thickness of 0.30 mm are formed on a hand-operated stamping and bending machine. In the experimental and corresponding numerical investigations, the gap between the tools, the tool radii as well as tool strokes are varied to evaluate the effects on the bending results. The main influencing factor on the product geometry is the tool stroke. The second objective of this work is to examine the transferability of the obtained results to production conditions. On a production machine, tool strokes were measured using different cycle rates. Regardless the cycle rate, the measured tool strokes were up to 2% shorter than defined in the process design. Simulations with measured tool strokes significantly enhance the predicted geometry after springback. The comprehensive goal is to describe the required geometrical accuracy in the FE model while minimising the required investigations to receive real data instead of nominal one. Thus, the industrial implementation of FE models for stamping and bending processes is accelerated. © 2017 The Authors. Published by Elsevier Ltd. 
Abstract
For the electrical industry, clamps and springs made from strips and wires are produced by stamping and forming technologies. To realise complex geometries, multi-stage stamping and bending processes with cycle rates of up to 500 parts per minute are utilised.
In the field of small-sized components, the demand for load optimised lightweight structures made from high strength materials increases. Due to the complexity of forming processes and materials used for clamps and springs, FE simulation of those processes is a challenging task. The first objective of the presented investigations is a holistic view of the influencing factors of multi-stage stamping and bending processes for springs and clamps. Therefore, clamps from high strength spring steel (X10CrNi18-8) with a thickness of 0.30 mm are formed on a hand-operated stamping and bending machine. In the experimental and corresponding numerical investigations, the gap between the tools, the tool radii as well as tool strokes are varied to evaluate the effects on the bending results. The main influencing factor on the product geometry is the tool stroke. The second objective of this work is to examine the transferability of the obtained results to production conditions. On a production machine, tool strokes were measured using different cycle rates. Regardless the cycle rate, the measured tool strokes were up to 2% shorter than defined in the process design. Simulations with measured tool strokes significantly enhance the predicted geometry after springback. The comprehensive goal is to describe the required geometrical accuracy in the FE model while minimising the required investigations to receive real data instead of nominal one. Thus, the industrial implementation of FE models for stamping and bending processes is accelerated. 
Introduction
Electrical components, as small-sized clamps and springs made from high strength materials, are manufactured by stamping and forming technologies with cycle rates of up to 500 parts per minute. The process design of multi-stage stamping and bending processes is still based on expert knowledge and experimental tests. Unknown correlation of process parameters on springback leads to difficulties in the process design. The compact production space, the complexity of those processes [1] and the distinct springback behaviour of the high strength spring steels exacerbate the depicted challenges. This results in a large number of expensive and time-consuming iterations. To efficiently satisfy the industrial demands for shorter product cycle times and increasing quality, computer aided approaches have to be used. Challenges are an increasing component complexity and a significantly higher springback due to higher strength materials. Various authors investigated experimentally and numerically the influencing factors on the bending results in air bending and V-/U-bending [2, 3] . A consideration of stamping and bending processes with high cycle rates using thin spring steels is missing.
The comprehensive goal of the presented investigations is to model stamping and bending processes with high cycle rates using FEM. FE models with nominal data for geometry, kinematics and material properties show deviations of more than 10 % in bending angles and radii compared to produced clamps. For implementation of the FEM in the process design, FE models need to describe the required geometrical accuracy. Therefore, a holistic view of the influencing factors of stamping and bending processes is necessary. Fig. 1 shows an exemplary overview of influencing factors of stamping and bending parts. Preliminary work showed that material data from spring steel (X10CrNi18-8) determined in tensile tests are insufficient for describing the process force and springback angle under bending conditions [4] . Using material data from the introduced inverse modelling approach [4] improves the accuracy of the springback prediction in the FEM of a 3-point bending test. Material data from the inverse approach reduces the maximum deviation from 3.7° (material data from tensile test) to 1.5° for an experimentally measured angle after springback of 93.7°. The first objective of the presented work is an investigation of the tool geometries and kinematics influencing the bending results in multi-stage stamping and bending processes. For first experimental investigations, a hand-operated machine tool is used to avoid influences from dynamics under productions conditions, previous roller levelling processes and strain rate effects. In the experiments, the gap between the tools, the tool radii as well as the kinematics are varied to evaluate the influence on the bending results. The hand-operated experiments are simulated numerically using a combined explicit-implicit approach in LS-DYNA. Adzima et. al showed that a phenomenological approach used for the material models leads to good results for simulations of the mechanical responses and springback prediction of a thin copper alloy [5] . The second objective of this work is the description of necessary reference investigations to transfer the FE models from the hand-operated machine tool to production conditions with high cycle rates. 
Materials and methods

Material
The used material is a flat strip made from spring steel (X10CrNi18-8). The flat strip has a width of 36 mm and a thickness of 0.30 mm. In tensile tests, the determined ultimate elongation is 1.8 % with an elastic amount of approximately 0.8 %. The tensile strength is about 1900 N/mm². As mentioned above, an inverse modelling approach combined with a 3-point bending experiment using the Ludwik-Hollomon law and assuming the von Mises yield criterion was introduced. The depicted inverse modelling approach is used to determine material data from spring steel used within this work. Table 1 shows the calculated elasto-plastic material parameters from spring steel in form of flat strip using the inverse approach discussed in [4] . 
Hand-operated experimental investigations and FE model
The small-sized parts are formed on stamping and bending machine tools from Co. Bihler GmbH & Co. KG (Germany). The machine tools consist of a stamping centre and a radial bending centre [1] . For experimental investigations, a hand-operated machine tool is used to avoid influences from dynamics under production conditions, previous roller levelling processes and strain rate effects. The bending process design is based on expert knowledge. The flat strip is laser-cut to produce an unwound geometry. The cut geometry has a length of 16.8 mm and a width of 2.8 mm. The strip is bent on the first working stage and moved to the second one. The pre-bent part is formed to its final geometry. Fig. 2 shows the first bending stage and the second one with the tool geometries of the initial state. Due to the compact production space, like for most stamping and bending parts, the bending tools are close to a potential collision. In the second bending stage, the gap between bending tool 1 and tool 2 is only 0.70 mm. tool 1 is changed between 0.30 mm (strip thickness) and 0.40 mm. Finally, the tool stroke from bending tool 1 is stepwise increased while the tool stroke of bending tool 2 is stepwise reduced in 0.30 mm steps. Target value of the experimental investigations is the influence on the change of the clamps shape and the product properties.
The multi-stage bending process is simulated with the FE code LS-DYNA. A switching three-dimensional explicitimplicit approach is used. The explicit solver is used for the forming steps while springback is simulated with the implicit solver. The tools are considered as rigid bodies. The strip is discretised using fully-integrated solid elements with eight elements over thickness. In a first step, the hand-operated experiments are simulated numerically. The simulated shapes of the clamps are compared to those from the corresponding experiments. The validated FE model is used to optimise the tool strokes with regard to the targeted shape of the clamp while collisions are avoided.
FE simulations of production conditions
For the second objective of this work, the transferability of the FE model from the hand-operated machine tool to production conditions with high cycle rates is investigated. In order to show which influencing factors have to be taken into account during process design and for FE simulations, measurements are performed on a production machine tool using different cycle rates. Under production conditions, the tool strokes are investigated to evaluate the influence from dynamics and stiffness of the machine tool on the tool strokes. The tool strokes are measured close to the bending tool tips using an inductive measurement system with a rate of 1.2 kHz. Cycle rates from 100 parts per minute to 300 parts per minute are investigated and compared to nominal data for tool strokes.
Results and discussion
Hand-operated experimental investigations and FE model
In the initial experimental set-up, the results show that the bending process based on experience is insufficient to produce the clamp. After pre-bending in the second bending stage, the part collides with tool 2 (cf. FE results, Fig. 3a) . Thus, a systematic examination of the tool geometries and kinematics is investigated with respect to a feasible process.
The experiments show, that an increase of the bending radius of tool 1 as well as the gap between tool 1 and die even intensify the unwanted contact. With an increased tool stroke of +0.30 mm the production of the clamp is possible but tool 2 contacts the clamps tip. The process is stable with an increased tool stroke of +0.60 mm regardless the used tool diameter and bending gap. Here, the gap between both bending tools is 0.10 mm, which results in a potential collision. Table 2 shows the combinations of tool radius, bending gap and tool stroke of tool 1 being capable of producing the clamp compared to the initial state. All variations of tool 1, that avoid collisions, result in the same shape of the produced clamp. Table 2 . Overview of combinations for tool 1 being capable to produce the clamp (tool radius, gap between tool 1 and die, tool stroke).
No.
Radius ( Changing the die radius has a direct effect on the produced clamps geometry. Using a die radius of 0.75 mm leads to collisions between bending tool 2 and part (+ die). With a die radius of 0.60 mm the bending radius changes as well as the geometry after springback. A reduction of the die radius results in a slightly decreased springback. A reduction of the tool stroke of 0.30 mm of tool 2 influences the simulated geometry. Here, the extension of the tool radius is in contact with the part, which results in a point-to-point contact compared to a surface contact of the bottom wall of bending tool 2 in the initial state (cf. Fig. 2b ). The angle after springback of the clamps increases of about 0.5°. With further reduction of the tool stroke of tool 2 the angle after springback increases significantly.
FE simulations support the obtained results. The FE model predicts the collision that occurred in the designed initial state. Fig. 3 shows (a) numerical results from the initial state and (b,c) a comparison of numerical and experimental results from combination No.2. After springback of the pre-bending of stage 2, a deviation of 1.4° in the bending angle is obtained (Fig. 3b) . The measured deviation is within production variation. The deviation increases with further bending to the final geometry (Fig. 3c) . Additional numerical investigations show that the optimum tool stroke (combined with a tool radius of 0.30 mm of tool 1) is 5.35 mm (+0.35 mm). Thus, collisions between part and tool 2 as well as both bending tools are avoided. The FE models show slight differences compared to the experimental results. Bending angles are overestimated and/or springback is underestimated in the FEM. In the FEM, springback is mainly described by the elasto-plastic material parameters. The elaborated material data (cf. section 2.1) do not consider a reduction of the Young's modulus due to plastic strain [6] , which results in higher springback. A comparison of the experimental and numerical results shows that a classification between pre-bending tools (tool 1) and shaping tools (tool 2, die) is advisable. For pre-bending tools, bending gap and radii have no effect on the investigated parts geometry. On one side, the maximum allowable tool stroke is targeted to avoid collisions between part and subsequent forming tools. On the other side, a minimum tool stroke is targeted to avoid collisions between the bending tools. For a constant tool stroke, a reduction of the tool radius (constant tool length) and bending gap result in an upward contact point between part and tool 1, which cause a further bending of the part. The minimum tool radius and bending gap match the strip thickness to avoid cracks of the tools. Thus, the required tool stroke to avoid collisions of 5.35 mm is numerically determined. Shaping tools determine the produced geometry. A surface contact between bending tools and part enhance the geometrical accuracy. That way, a whole bending around the die radius is realised. In summary, the tool strokes are the most sensitive factor on the process stability and bending results.
FE simulations of production conditions
For the second objective, the accuracy of the springback prediction under production conditions with high cycle rates of up to 500 parts per minute is investigated numerically. Simulations with nominal data show significant deviations between the simulated clamps and the produced ones (Fig. 4b) . As illustrated above, the tool strokes are the main influencing factor. Tool stroke measurements show that real tool strokes are about 2 % shorter than defined in the process design regardless the cycle rate. Fig. 4a shows exemplary the measured tool stroke of one bending tool with different cycle rates compared to the tool stroke from the process design. The reduction of the tool strokes result from dynamics, stiffness of the machine tool and elastic behaviour of the tools. A consideration of the measured tool stroke in the FE model significantly enhances the predicted geometry after springback (Fig. 4b) . 
Conclusion and outlook
The experimental and corresponding numerical results show that FE models enable an increased process stability of multi-stage stamping and bending processes. The main influencing factor on the products geometry after springback is the tool stroke. Under production conditions with high cycle rates, tool strokes were shorter than defined in the process design. In the shown example, the measured tool strokes were up to 2% shorter compared to process design. FE simulations with the measured tool strokes significantly enhance the prediction of the geometry after springback under production conditions. To further enhance the accuracy of the springback prediction in FE models of stamping and bending processes, additional influencing factors may have to be taken into account. Such factors may be related to influences on the material parameters of high strength spring steels (change of Young's modulus due to plastic deformation [6] , strain rate effects [7] ), which have partially been discussed in section 3.1. In addition, earlier process steps might be relevant. For example, a previous roller levelling step influences the material properties (Bauschinger effect) as well as the incoming residual stress distribution. 
